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We extract experimentally the electronic thermal conductivity, Ke, in suspended graphene which we dope
using a back-gate electrode. We make use of two-point dc electron transport at low bias voltages and in-
termediate temperatures (50 - 160 K), where the electron and lattice temperatures are decoupled. The
thermal conductivity is proportional to the charge conductivity times the temperature, confirming that the
Wiedemann-Franz relation is obeyed in suspended graphene. We extract an estimate of the Lorenz coefficient
as 1.1 to 1.7 ×10−8 W ΩK−2. Ke shows a transistor effect and can be tuned with the back-gate by more
than a factor of 2 as the charge carrier density ranges from ≈ 0.5 to 1.8 ×1011cm−2.
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Graphene’s electronic thermal conductivity, Ke, de-
scribes how easily Dirac charge carriers (electron and
hole quasiparticles) can carry energy. In low-disorder
graphene at moderate temperatures (< 200 - 300 K), the
energy transfer rate between charge carriers and acous-
tic phonons is extremely slow1–6. Thus, Ke impacts how
a hot electron cools down, and the efficiency of charge
harvesting in graphene optoelectronic devices1,2,7. More-
over, understanding and controlling Ke could help de-
velop graphene bolometers capable of detecting single
terahertz photons4,8. There are theoretical calculations
of Ke
9–11, and recent experimental data near the charge
neutrality point (CNP) in clean suspended graphene6 and
in disordered samples at very low temperatures4,8. How-
ever, a detailed mapping of Ke vs charge density at inter-
mediate temperatures is lacking. Understanding how Ke
in clean (suspended) graphene depends on charge den-
sity, n, and the electronic temperature, Te, is crucial
for applications. An important fundamental question is
whether the Wiedemann-Franz (WF) law, Ke = σLTe
where σ is the charge conductivity, and L is the Lorenz
number, is obeyed in graphene. In clean graphene at low
charge densities (hydrodynamic regime), strong electron-
electron interactions could lead to departures from the
generalized WF law10,11.
We report Ke in monolayer graphene extracted from
carefully calibrated dc electron transport measurements
following a method we previously discussed6. We study
a temperature range of T = 50 - 160 K, where the elec-
tron and lattice temperatures are very well decoupled in
low-disorder graphene1–6, over a charge density range of
≈ 0.5 to 1.8 ×1011cm−2. We extract data in the hole
and electron doped regimes from two high-mobility sus-
pended devices. The extracted Ke are compared with
predictions from the WF law. The agreement between
the WF relation and measurements is very good for both
devices over the n range studied and T up to 160 K. The
value of L is ≈ 0.5 - 0.7 Lo, where Lo is the Lorenz factor
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FIG. 1. (Color online.) Suspended and annealed graphene
devices. (a) R of Sample A vs. gate voltage, VG, at Te = T
= 11, 50, 100, 150 and 210 K, and VB = 0.5 mV. (b) R - VG
data for Sample B at Te = T = 80, 100, 125, 150 and 210
K, and VB = 5 mV. The insets show tilted SEM images of
the suspended graphene transistors: Sample A (650 nm long),
and a device identical to Sample B (400 nm long). For clarity,
the data curves in (a) and (b) are slightly shifted along the
VG axis so that all the maxima line up at VG = 0, the shifts
in (a) range from -0.3 to -0.45 V, and in (b) from 0 to 0.2 V.
for metals. We observe a sudden jump in the extracted
thermal conductivity above 160 K which is consistent
with the onset of strong coupling between electrons and
acoustic phonons5. Finally, we observe a thermal tran-
sistor effect consistent with the WF prediction, where Ke
can be tuned by more than a factor of 2 with a back-gate
voltage, VG, ranging up to ± 5 V. Throughout the text
we use T to designate the lattice (cryostat) temperature,
and Te for the average electron temperature in the sus-
pended devices. At very low bias, |VB| ≤ 1 mV, T = Te.
Figure 1 (a)-(b) shows dc two-point resistance data,
R = VB/I, versus gate voltage, VG, which controls the
charge density, nG (upper axis) for Samples A and B
respectively. From the width of the R maximum at low
T , we extract a half-width-half-maximum, HWHM, of
0.45 and 0.95 V for Samples A and B. These HWHMs
correspond to an impurity induced charge density of n∗ ≈
21.5 and 2.1 ×1010 cm−2. For clarity, the data in Fig. 1 is
slightly shifted along the VG axis so that all the maxima
(Dirac points) line up at VG = 0, the shifts in panel (a)
range from -0.3 to -0.45 V at various T , and in panel
(b) from 0 to 0.2 V. The insets in Fig. 1 show scanning
electron microscope (SEM) tilted images of Sample A
and a sample identical to Sample B.
We confirmed, using optical contrast and Raman spec-
troscopy, that both samples are single-layer graphene.
Sample A is 650 nm long, 675 nm wide, and suspended
140 ± 10 nm above the substrate (AFM measurement)
which consists of 100 ± 2 nm of SiO2 (ellipsometry mea-
surement) on degenerately-doped Si which is used as a
back-gate electrode. Sample B is 400 nm long, 0.97 µm
wide, and suspended 227 ± 10 nm above a 74 ± 2 nm
SiO2 film on Si. To prepare the samples, we used ex-
foliated graphene, and standard e-beam lithography to
define Ti(5nm)/Au(80nm) contacts. The samples were
suspended with a wet BOE etch such that their only ther-
mal connection was to the gold contacts. We annealed
the devices using Joule heating in situ by flowing a large
current in the devices6,12 (see Supplemental Information
(SI) section 1). Annealing and all subsequent measure-
ments were done under high vacuum, ≤ 10−6 Torr.
To minimize contact resistance, Rc, the devices were
fabricated with large contact areas between the gold elec-
trodes and graphene crystals, ranging from 1.1 to 3 µm2
per contact. An upper bound for series resistance, Ro,
which includes both the contact resistance, Rc, and the
resistance from neutral scatterers, can be extracted from
the two-point R−VG curves
13 in Fig. 1 (see SI section 2).
The extracted series resistances for Sample A are Ro−h ≈
477 ± 53 and Ro−e ≈ 944 ± 80 Ω for hole and electron
doping, respectively. The difference between Ro−h and
Ro−e is understood as an additional p−n barrier for the
electron due to doping from the gold electrodes14. For
Sample B, we find Ro−h = 1563 Ω and Ro−e = 812 Ω.
We note that series resistance is smallest for hole dop-
ing in Sample A and for electron doping in Sample B.
In annealed samples, oxygen desorbs from the gold con-
tacts and changes the work function of the electrodes.
This means that graphene under the gold electrodes can
be either electron doped or hole doped depending on the
thoroughness of the contact annealing14–16. To minimize
the effect of Rc on our data, we study the lowest re-
sistance side of the Dirac point for each Sample. This
allows us to study hole transport in Sample A and elec-
tron transport in Sample B. Since Ro includes both Rc
and the resistance due to neutral scatterers in the chan-
nel, we conservatively set Rc = Ro/2 with an uncertainty
ranging up to Rc−max = Ro, and down to Rc−min = low-
est reported resistance for Au/graphene17 with similar n,
which is ≈ 100 Ω.µm2. Thus, in the following data anal-
ysis we use for Samples A and B, Rc−A = 239 ±
239
120 and
Rc−B = 406 ±
406
281. We extract a conservative estimate of
the charge carrier mobility in our devices, over the n and
Te range studied, as µ = σ/(ntote) ≈ 3.5 × 10
4 cm2/V.s,
where ntot is the total carrier density including the gate,
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FIG. 2. (Color online.) Electron thermometry and electron
Joule heating. (a) R vs Te in Sample A (circles, left axis)
and Sample B (squares, right axis), respectively hole (nG =
-1.8×1011 cm−2) and electron doped (nG = 1.1×10
11 cm−2).
The solid lines are numerically interpolated curves used for
thermometry. Inset: example of I − VB data at 100 K for
Sample A whose slope is used to extract R, |VB | < 1 mV such
that Te = T . (b) Relative conductance G/G11K of Sample A
vs Te = T . The solid circles show the raw two-point data,
and the open circles the data using Rc = 239 Ω. The solid
and dashed lines are power law fits consistent with charge
impurity scattering. Inset: G/G11K of Sample A at high
T showing a linear decrease in R consistent with acoustic
phonon scattering. (c) R vs VB data for Sample A at T =
100 K, and nG = -1.8 (circles, left axis) and -0.8 (squares,
right axis) ×1011 cm−2 (i.e. VG = -5.3 and -2.3 V). Joule
heating due to VB raises the flake’s average Te above T . (d)
Te vs VB in Sample A extracted from (c) using the calibration
in (a) and similar curves.
impurity and thermal doping6,18 (SI section 3). Based on
the reported thermal conductance of Au/Ti/Graphene
and Graphene/SiO2 interfaces
19, the thermal resistance
of the contacts can safely be neglected20 compared to our
Ke data presented below.
Figure 2 summarizes our approach to extract Ke in
suspended high-mobility graphene, whose details we pre-
3viously discussed6. We repeat some of the discussion of
our methods because the charge densities studied here are
much higher than in Ref. 6, which leads to several impor-
tant changes. Figure 2(a)-(b) presents how we monitor
the charged quasiparticle temperature in our devices by
monitoring R, and Fig. 2(c)-(d) shows how we can con-
trollably heat-up these quasiparticles at a temperature
slightly above the contacts’ temperature via Joule heat-
ing. By combining these two capabilities and using the
heat equation, we will later extract Ke vs T and n.
Figure 2(a) shows the two-point dc R vs cryostat tem-
perature, T , calibration curves for Sample A (circles,
left axis), and Sample B (squares, right axis) which are
respectively hole-doped with a gate-induced density of
nG = -1.8×10
11 cm−2 and electron-doped with nG =
1.1×1011 cm−2. R = VB/I is extracted from the slope of
the I−VB data
21 as shown in the inset of Fig. 2(a). Note
that for ± 1 mV bias no Joule heating effect is present
and Te = T . The Te dependence of the data shows a
metallic behavior with R increasing with Te. The in-
terpolated lines in Fig. 2(a), and similar curves, will be
used as secondary thermometry curves to monitor Te in
the devices.
Figure 2(b) shows the relative conductance
G(T )/G11K for Sample A extracted from Fig. 2(a)
and similar data. The solid circles show the raw
two-point data, and the open circles the data after
subtracting Rc = Ro/2. The T dependence of G = 1/R
in graphene, at modest charge density, is strongly
dependent on the type of charge transport. We fit the
data in Fig. 2(b) with a function G/G11K = 1 − AT
p,
and extract p = 2.1 ± 0.2 for both curves. This T -
dependence strongly supports diffusive charge transport
dominated by long-range charge impurities, as reported
in previous experiments on high-mobility devices12,22,23
and expected theoretically5. The inset of Fig. 2(b)
shows that G/G11K of Sample A decreases linearly for
T ≥ 200 K, which suggests a relatively strong acoustic
phonon scattering above this temperature, as expected
theoretically5. Sample B shows a qualitatively identical
behavior of its R vs T in Fig. 2(a), but the absence of
low temperature data proscribes an accurate fit of its
dependence. We will focus our measurements on the
T < 200 K range, where both samples are in the diffusive
regime (SI section 3) with scattering predominantly due
to charged impurities. This scattering is elastic, and its
Te dependence (used for thermometry) comes mostly
from the temperature dependence of its screening23.
Electron-electron scattering between charge carriers is
inelastic. By applying a VB one can inject high-energy
carriers in the suspended device which then thermalize
with the carriers in the sample and raise Te in the sus-
pended graphene relative to the temperature in the gold
contacts. Note that when writing Te, we always refer to
the average temperature of charged quasiparticles in our
devices. We demonstrate controlled Joule self-heating of
the electrons to apply a thermal bias ∆T = Te − T be-
tween the suspended graphene and the electrodes (cryo-
stat temperature). Figure 2(c) shows R vs VB for Sample
A at T = 100 K and nG = -1.8 × 10
11 (circles, left axis)
and -0.8 ×1011 cm−2 (squares, right axis). Sample B
data is shown in SI sec. 4. R increases monotonically
with increasing VB, at all T . We restrict our measure-
ments to VB ≤ 27 meV. We have previously argued
6 that
in our high-mobility devices, under such low VB and in
the T range we study, the change in R is caused by Joule
heating of the charge carriers3,6. Using the curves, R vs
Te and R vs VB, we extract Te vs VB as shown for Sam-
ple A in Fig. 2(d). We fit a power law (dashed lines)
Te = 100+BV
x
B , and find x = 1.93 ± 0.04 for both data
sets, as expected for Joule heating where Te ∝ V
2
B . Fig-
ures 3(d) and S3(b) show that the accuracy with which
Te can be extracted is much better than 1 K. The smooth
dependence of Te on VB at all T is consistent with elec-
trons having a well defined temperature as predicted by
calculations of the e− e collision length24 (see SI of Ref.
6), and confirmed by the Ke data shown below.
We use a 1-d heat equation6 to extract Ke in our
devices, and find Ke =
Qℓ2
12∆T , where ∆T = Te − T ,
Q = RI2/Wℓh is the Joule heating power per unit vol-
ume, W the width, ℓ the length, h = 0.335 nm the thick-
ness, and Te is the electronic temperature averaged over
ℓ. In Fig. 3(a)-(b) we plot Ke vs Te for Samples A and
B for ∆T = 10 K, where the circle, square and triangle
data show Ke at ntot,T=0 ≈ -1.8, -1.1, -0.8 ×10
11 cm−2
for Sample A, and ntot,T=0 ≈ 1.1, 0.7, 0.5 ×10
11 cm−2 for
Sample B. The quantity ntot,T=0 refers to the total charge
density induced by VG and charged impurities (SI section
3). We clearly observe that Ke increases with both n and
Te in both samples. For instance,Ke ranges from roughly
1 W/K.m at 60 K and n = -8 × 1010cm−2 to 5 W/K.m
at 135 K and n = -1.8 × 1011cm−2 for Sample A. Error
bars representing the uncertainty on the extracted Ke
are shown in Fig. 3 (SI section 5). We confirmed that
the VB needed to create ∆T did not dope significantly
the samples or affect the measured Ke
25. The thermo-
electric voltages in our devices are negligible compared
to VB
26,27.
We test the WF law in our samples, which have a mo-
bility of µ ≈ 3.5× 10 4 cm2/V.s, as a function of Te and n.
While the Lorenz number in most metals is close to Lo =
2.44 × 10−8 WΩK−2, it is well known that its value can
be reduced in semiconductors at low charge density28,29.
The solid lines in Fig. 3 show Ke−WF given by the WF
law using the measured σ and extracted Te (Fig. 2), with
L used as the single fitting parameter. The WF relation
holds for both Samples at all Te between 50 K and 160
K, and densities nh = -1.8 to -0.8 ×10
11 cm−2 and ne =
0.5 to 1.1 ×1011 cm−2. For Sample A, L = 0.45, 0.53
and 0.55 × Lo, and for Sample B L = 0.66, 0.68, 0.7 ×
Lo (triangle, square, and circle data, respectively). The
main uncertainty on L comes from the uncertainty on Rc,
and corresponds to ±0.10.2 Lo for Sample A, and ± 0.4 Lo
for Sample B. We note that the qualitative temperature
and density dependence of the data in Fig. 3, and the
agreement with the WF law, is preserved even if we use
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FIG. 3. (Color online.) Wiedemann-Franz (WF) law. (a)
The electronic thermal conductivity, Ke, of Sample A in the
hole-doped regime vs Te for ∆T = Te−T = 10 K. The circle,
square and triangle data show Ke at VG = -5.3, -3.3 and
-2.3 V respectively corresponding to ntot,T=0 ≈ -1.8, -1.1, -
0.8 ×1011 cm−2. The solid lines are given by the WF relation
KWF = LσTe with L = 0.45, 0.53 and 0.55 × Lo respectively.
(b) Ke vs Te for ∆T = 10 K for Sample B in the electron-
doped regime. The circle, square and triangle data show Ke
at VG = 5, 3 and 2 V corresponding to ntot,T=0 ≈ 1.1, 0.7,
0.5 ×1011 cm−2. The solid lines are the KWF with L = 0.66,
0.68, 0.7 × Lo. (c) and (d) show the same data as in (a) and
(b) up to higher Te where the apparant departure between
the data and WF prediction is understood as the onset of
electron-phonon coupling.
either the maximum Rc = Ro or minimum Rc = 120 Ω
(SI section 6). The increase in L as n increases is consis-
tent with previous studies in semiconductors where the
value of L tends toward Lo at higher carrier density
29.
Electron to acoustic phonon coupling is very weak in
clean graphene at moderate doping and temperature (<
200 - 300 K)1–3,5,6, but increases at higher n and T . In
the context of our experiment, if the thermal energy con-
ductance between electrons and phonons Ge−p is non-
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FIG. 4. (Color online.) Electronic thermal conductivity tran-
sistor effect. Ke vs VG data for Samples A (solid squares, n <
0) and B (solid circles, n > 0), for T = 100 K and ∆T = 10 K.
VG ≈ 0 data (open symbols, ∆T = 5 K) are from Ref. 6. The
solid lines show KWF predicted by the Wiedemann-Franz re-
lation using a Lorenz number of L = 0.53 Lo and 0.67 Lo for
A and B respectively.
negligeable compared to the electronic thermal conduc-
tance Ge, the heat conductivity we extract is a mixture
of Ke and Ke−p in parallel. As can be seen in Fig. 3(c)-
(d), above ≈ 160 K the extracted K no longer agrees
with the WF prediction (solid line), indicating that we
cannot isolate Ke for Te > 160K. Previously we found
that we could extract Ke up to 300 K in samples whose
n was very close to the CNP6, suggesting that e− p cou-
pling is weaker at lower n as expected theoretically5. In
Fig. 3(c)-(d), the departure between the K data and
WF prediction starts around 150 K for Samples A and
200 K for Sample B. The different T ranges over which
Ke dominates in the two devices comes from the ratio
Ge/Ge−ph = W/(Wℓ) = 1/ℓ which is 60 % larger for
Sample B than Sample A.
Figure 4 shows the extracted Ke vs VG at Te =
T+∆T = 100+10K for Sample A (B) as solid red squares
(black circles). For reference only, we also show two data
points (open grey symbols) close to VG ≈ 0 which are
taken from Ref. 6 for the same Samples. We cannot ex-
tract Ke at intermediate n, i.e. when 0.3 V ≤ |VG| ≤ 1.5
V. This is because while R smoothly increases with Te
in the metal-like regime (Fig. 2(a)), |VG| ≥ 1.5 V, and
smoothly decrease in the insulator-like regime6, |VG| ≤
0.3 V, the R vs Te behavior does not act as a good ther-
mometer at intermediate densities. We also note that the
WF relation we discuss in this work, Ke = σLTe, only
applies in the degenerately doped regime where the Fermi
energy µ >> kBTe, and we focus our discussion on this
regime. The solid symbol data in Fig. 4 show that Ke is
tuned by the charge carrier density in the samples. The
solid lines are the WF valuesKe−WF calculated using the
measured σ, Te = 110 K, and setting L = 0.53 and 0.67
Lo for Samples A and B. The agreement between the WF
law and data in the doped regime is excellent. Even using
a modest VG range, Ke could be tuned by a factor of ≥ 2
5in Fig. 4. This is a very strong thermal-transistor effect
(with the caveat that Kp >> Ke
30,31). This could have
applications in optoelectronics. A larger Ke means that
when a charge carrier is excited by a photon, it can travel
a larger distance and excite additional carriers before it
thermalizes with the lattice. Thus, more of the photon
energy is harvested as electrical current7. Additionally,
a tunable Ke implies a tunable Ce which could be used
to optimize bolometric applications of graphene4,8.
In summary, we fabricated high quality suspended
graphene devices. We used a self-thermometry and self-
heating method6 to extract the electronic thermal con-
ductivity in doped graphene. We report for the first
time Ke in suspended graphene over a broad range of
T and n. The data presented clearly demonstrates that
Ke ∝ σT , which confirms that the Wiedemann-Franz
law holds in high-mobility (µ ≈ 3.5 × 10 4 cm2/V.s) sus-
pended graphene over our accessible temperature range,
50 K - 160 K. This temperature range is limited at high-
temperature by a turning on of the electron-phonon cou-
pling, which prevents us from isolating Ke at higher T .
The clear onsets of the electron-phonon coupling (Fig.
2(b), and 3(c)-(d)) between 150 K- 200K is consistent
with theoretical calculations5. We studied charge densi-
ties of holes and electrons ranging up to 1.8 × 1011 cm−2
and found Lorenz numbers L ≈ 0.5 - 0.7 Lo, where Lo
is the standard Lorenz number for metals. The quality
of the agreement between the data and the WF relation
in Figs. 3 and 4 is not affected by the uncertainty on
the extracted Lorenz numbers (SI section 6). Finally, we
demonstrated a strong thermal-transistor effect where we
could tuneKe by more than a factor of 2 by applying only
a few volts to a gate electrode.
In the future, these measurements could be extended
to even cleaner devices at lower densities to study pos-
sible corrections to the generalized WF relation due to
strong electron-electron interactions10,11. The demon-
strated density control of Ke could be useful to make en-
ergy harvesting optoelectronic devices1,2,7 and sensitive
bolometers4,8. We thank Vahid Tayari, James Porter and
Andrew McRae for technical help and discussions. This
work was supported by NSERC, CFI, FQRNT, and Con-
cordia University. We made use of the QNI cleanrooms.
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